We have studied the properties of the prototype hybrid organic-inorganic perovskite CH 3 NH 3 PbI 3 using relativistic density functional theory (DFT). For our analysis we introduce the concept of CH 3 NH + 3 "pair modes", that is, characteristic relative orientations of two neighboring CH 3 NH + 3 cations. In our previous work [Phys. Rev. B 94, 045201(2016)] we identified two preferential orientations that a single CH 3 NH + 3 cation adopts in a unit cell. The total number of relevant pairs can be reduced from the resulting 196 combinations to only 25 by applying symmetry operations. DFT results of several 2×2×2 supercell models reveal the dependence of the total energy, band gap and band structure on the distribution of CH 3 NH + 3 cations and the pair modes. We have then analyzed the pair-mode distribution of a series of 3×3×3 supercell models with disordered CH 3 NH + 3
I. INTRODUCTION
Hybrid perovskite photovoltaic (HPPV) technology [1, 2] is the most recent rising star in the emerging solar-cell community due to its record increase in power-conversion efficiency (PCE) during the last four years [3] . The current state-ofthe-art HPPV architecture was proposed in 2012 achieving ∼ 10% PCE [4, 5] . Now the PCE of HPPV cells has already reached 22%, overtaking the best-performing inorganicbased single-junction thin-film cells such as CdTe and copperindium-gallium-selenide (CIGS) cells [3, 6] . The most common photoactive material in HPPV cells is methylammonium (MA ≡ CH 3 NH 3 ) lead triiodide (CH 3 NH 3 PbI 3 , shortened as MAPbI 3 hereafter). This hybrid perovskite material exhibits several advantageous features for photovoltaic applications, such as a band gap close to the optimal value for singlejunction solar-cell absorbers [7] , excellent absorption strength in the visible part of the solar spectrum [8] , and high mobilities for both electron and hole transport [9, 10] . It can be synthesized in solution at low temperature from common starting materials that have limited harm to the environment. Therefore HPPV cells are considered as promising candidates that can offer clean, affordable and sustainable energy.
Apart from the PCE improvement, recent experimental and theoretical studies in HPPV technology have focused on the origin of the high mobility and low recombination rate [9] [10] [11] [12] , the observed current-voltage hysteresis [7, [13] [14] [15] , and the stability of hybrid perovskites materials [16] [17] [18] . To resolve open questions in hybrid perovskites it is imperative to develop a comprehensive understanding of their atomic structure, which is both fundamental and challenging due to the structure's complexity. Taking the prototype hybrid perovskite MAPbI 3 as an example, the central cation MA + is * jingrui.li@aalto.fi not spherical (as, e.g., Cs + in the conventional perovskite CsSnI 3 ) but exhibits polarity and an orientational preference in the lattice. At low temperatures, MAPbI 3 assumes a minimal-energy structure with regularly-aligned MA + cations and thereby a regularly-deformed inorganic PbI − 3 matrix, resulting in an orthorhombic phase. Conversely, at room temperature or above, the MA + cations are randomly oriented due to thermal fluctuations, forming (dynamically-)disordered structures [7, 19, 20] . Experimental [21, 22] and theoretical [22] [23] [24] studies suggest that the activation energy for the reorientation of the C-N bond is of the order of 100 meV (corresponding to a characteristic thermal energy of ∼1200 K). The MA + ions therefore do not rotate freely at < 400 K, but are bound to the inorganic framework by hydrogen bonds [25] . They form localized patterns [26] [27] [28] on a small length scale, which makes MAPbI 3 appear effectively cubic.
Modeling the orientational disorder of MA + ions in MAPbI 3 is a challenging task. Quantum mechanical first principles techniques are required to correctly describe the hydrogen bonding of MA + ions to the inorganic cage and the corresponding distortions of the cage. However, even densityfunctional theory (DFT), which in local or semi-local approximations is currently the most computationally efficient first principles technique, cannot scale up to the required length scales or the large number of candidate structures. The simple primitive-cell model is not representative of MAPbI 3 's atomic structure, as it effectively describes a system of infinitely many aligned polar MA + ions. The dipole introduced by each MA + unit can be canceled by compensating alignments of MA + ions in an appropriately chosen supercell model. For such compensated models, the atomic and electronic structure, especially in the low-temperature orthorhombic and tetragonal phases, can then be calculated at the DFT or beyond level by means of small supercell models such as √ 2× √ 2×2 and 2×2×2 [22, [29] [30] [31] [32] . 2×2×2 supercell models have also been adopted to study the distribution of MA + ori-entations at a finite temperature using ab initio molecular dynamics (MD) [27, 33] . However, to really model disorder we would need to know the structure of MAPbI 3 on a length scale of a few to a few tens of single (primitive) cells. 2×2×2 supercell models do not suffice for this purpose because of the periodic boundary conditions, while DFT calculations for larger supercell models become computationally very demanding. To our knowledge, the application of DFT to large MAPbI 3 supercells has mostly been limited to defect modeling [34, 35] . Disordered structures, such as the behavior of domains has so far only been investigated with classical Monte Carlo simulations [27, 28] . In our previous work [25] , we have comprehensively analyzed the atomic structure of hybrid perovskites using the primitive-cell model. We found several stable locations of MA + in the lattice. Moreover, our analysis revealed that the stability of hybrid perovskites is closely related to the deformation of the inorganic cage, which acts synergetically with the organic ions analogous to a chicken-and-egg paradox. In this work, we performed DFT calculations for a number of different MAPbI 3 supercell models and focus on the pairs of neighboring MA + ions. We devised a pair-mode description that reduces each MA + ion to a dipole [36] with discrete orientations that were adopted from our previous primitive-cell results [25] . We then defined the relative geometry of two nearest individual dipoles as a "pair mode". With the pairmode concept, we were then able to relate the dependence of certain MAPbI 3 properties (e.g., total energy, band structure) to the distribution of MA + -orientations and to the dipoles' alignment. This was done by studying a series of 2 × 2 × 2 supercell models. We further investigated 3×3×3 supercell models focusing on the distribution of pair modes. This distribution tells us for a given dipole which dipole-orientations are preferred in its surrounding, thus providing knowledge of the local structure beyond a single MAPbI 3 unit cell. The atomic structure of the pair modes, as the physical origin of this pairmode distribution, will be discussed in detail in a forthcoming paper [37] .
The remainder of this paper is organized as follows. In Sec. II, we briefly describe the model systems and the computational details of our DFT calculations. Section III outlines the concept of pair modes, and uses this concept to discuss the results of the supercell models. Finally, Sec. IV concludes with a summary.
II. COMPUTATIONAL DETAILS
The supercell models considered in this paper were constructed based on single (primitive) cells. In each single cell, the MA + is located close to the centre of the cell, Pb 2+ at the corners, and I − at the edge-centers. We considered a series of 2 × 2 × 2 and 3 × 3 × 3 supercell models for different purposes. In 2×2×2 supercell models the total dipole moment can be easily canceled with regular alignments of MA + ions. Although a 2×2×2 supercell model is larger than a √ 2× √ 2×1 model, it has the advantage that it does not introduce artificial differences between the three lattice directions a priori.
Compared with the 2×2×2 counterparts, the larger 3×3×3 supercell models contain more MA + cations, thus providing appropriate model systems to mimic the disordered structures by introducing randomly oriented MA + ions. The considered supercell models were initialized with different MA + alignments.
In our previous study [25] we demonstrated that the "PBE+vdW" exchange-correlation functional produces the lattice constants of hybrid perovskite systems in good agreement with experiment, and can properly describe the interaction between the organic cations and the inorganic framework. Thus we adopted this functional for all DFT calculations in this work. Specifically, the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation [38] was used as the exchange-correlation functional, and the long-range van der Waals (vdW) interactions were described by employing the Tkatchenko-Scheffler method based on the Hirshfeld partitioning of the electron density [39] . In addition, scalar relativistic effects were included via the zero-order regular approximation (ZORA) [40] . Although spin-orbit coupling [41] [42] [43] [44] and exact exchange or many-body corrections [43, 45, 46] have significant impact on the band structure of MAPbI 3 , we did not include them in the band-structure calculations (for the 2×2×2 supercell models), since they are computationally very demanding. For the relative differences of band gaps between different supercell models PBE+vdW+ZORA is sufficient.
All calculations were carried out using the all-electron numeric-atom-centered orbital code FHI-AIMS [47] [48] [49] . For the 2×2×2 supercell models, we used a Γ-centered 4×4×4 k-point mesh and tier 2 basis sets for both structure relaxation and band-structure calculations. We performed direct lattice-vector optimization with the analytical stress tensor implemented in FHI-AIMS [50] . For the larger 3×3×3 supercells, we have reduced the computational expense by employing a 2×2×2 k-point mesh and tier 1 basis sets. The geometries were optimized for a fixed size of the cubic unit cell, for which the lattice parameter a = 18.94 Å was adopted based on the experimental value a 0 = 6.31 Å of the primitive cell [7] . The results of all relevant calculations of this work are available from the Novel Materials Discovery (NoMaD) repository [51] .
III. RESULTS AND DISCUSSIONS
A. Definition of CH 3 NH + 3 "pair modes"
The essential difference between conventional perovskites such as CsPbI 3 and hybrid perovskites is the monovalent central cation. Metal cations such as Cs + are spherically symmetric, while the polar organic CH 3 NH + 3 cation has a permanent dipole moment pointing from the C-end (the methyl group) to the N-end (the ammonium cation group). Thus, in a primitive-cell model all MA + ions will be aligned parallel. This would result in a large dipole moment in the bulk material, which is not observed experimentally. Supercell models allow us to cancel the total dipole moment in the supercell. In this paper, we calculated the total dipole moment within a supercell by the vector sum of individual MA + dipole moments (or its average per MAPbI 3 unit) and represent it in terms of p 0 , the permanent dipole moment of an isolate MA + in vacuum. Our PBE+vdW/tier 2 result of p 0 is 2.2 D, very close to the B3LYP/6-31G* result of 2.3 D [26] .
Our previous DFT calculations [25] revealed two stable structures of the cubic primitive-cell model, as shown in Fig. 1(a) . Specifically, in the left structure of Fig. 1(a) , the C-N bond is oriented along the diagonal ([111] or equivalent) direction of the single unit cell, while in the right structure it is oriented along the face-to-face ([100] or equivalent) direction with a small deviation. The face-to-face MA + structure is 21 meV more stable than the diagonal structure. We attribute this stability to the considerably larger deformation of the inorganic-framework in the face-to-face structure. As a side note, the internal atomic geometry of MA + in MAPbI 3 is nearly independent of its location in the unit cell.
To simplify our notation, we abstract each MA + in the optimized MAPbI 3 structure by an arrow along its C-N bond that represents its dipole moment. Corresponding to the 8 diagonal and 6 face-to-face directions in the cubic single cell, there are altogether 14 possible directions for such a dipole. They are illustrated in Figs. 1(b) and (c), respectively.
In our definition, a "pair mode" is the alignment of a pair of neighboring MA + ions. From the 14 dipole directions shown in Fig. 1 we can derive 14 2 = 196 pair modes. However, this number can be significantly reduced to 25 by considering only symmetry inequivalent modes, since many modes can be transformed into each other. The 25 inequivalent modes are listed in Fig. 2 . Figure 3 shows an example of transformations among several equivalent modes. We will discuss our supercell models in terms of the pair modes listed in Fig. 2 hereafter. Specifically, modes No. 1-6 and No. 11-13 are constructed by two diagonal dipoles, modes No. 7-10 and No. 14-17 by one diagonal and one face-to-face dipole, and modes No. 18-25 by two face-to-face dipoles. In this paper we will only discuss dipoles with "strict" face-to-face orientations. Pair modes resulting from dipoles that deviate from the face-to-face line by the angle found in our previous work [25] are presented in Sec. S1 of Ref. [52] .
B. Properties of optimized 2×2×2 supercell models
General properties analysis based on dipole-direction distribution
In our previous primitive-cell study we found only two stable structures [25] , as alluded to before. For 2×2×2 supercell models, the situation changes dramatically. There are many possible alignments of MA + dipoles in the initial structures. The optimization of them using the aforementioned DFT approach results in different atomic geometries corresponding to different local total-energy minima. Here we first select from the many local minima and structures that we found the nonpolar structures, in which the vector sum of MA + dipole moments (approximately) vanishes. are aligned parallel and alternatingly point in opposite directions. This results in a nearly-vanishing net dipole moment in the supercell: the three components of the average dipolemoment vector are 0.001, 0.004 and 0.003 p 0 . Figure 5 shows four optimized 2×2×2 supercells, in which all MA + cations are oriented face-to-face. Also shown are their band structures along three high-symmetry lines Γ-X, Γ-Y and Γ-Z around the band gap (for band structures along more high-symmetry lines we refer to Sec. S2 of Ref. [52] ). Corresponding key parameters of these structures (e.g., relative stability, band gap) are listed in Table I . Structure III [ Fig. 5(c) ] is the most stable one as it corresponds to the lowest total energy among them. We set its total energy to 0 hereafter. The total energy of structures I [ 109, 29 and 60 meV per MAPbI 3 , respectively. The total energy of the structure shown in Fig. 4 is 173 meV per MAPbI 3 , much higher than structures I-IV. Following the analysis of our previous work [25] , this can be rationalized by the occurrence of diagonally-oriented MA + ions. These diagonally oriented dipoles prevent the inorganic framework from releasing energy by deforming the inorganic cage, which leads to a significantly higher total energy. It is thus unlikely that many diagonally oriented dipoles occur in MAPbI 3 , which is also confirmed by our supercell calculations. Therefore we only focus on structures I-IV hereafter, in which only face-to-face MA + ions are involved. Some structural parameters and the band structure of the systems shown in Fig. 4 are given in Sec. S3 of Ref. [52] .
For each optimized supercell structure, we illustrate the MA + -alignment "pattern" in both Fig. 5 and Table I . These patterns show that in structures I-III the MA + cations are (approximately) located within the xy plane and regularly aligned. For the properties of each of these system, we therefore observe an equivalence between the x and y directions, whereas the z-direction exhibits differences. For example, the lattice parameters a and b are approximately equal, whereas c differs (cf. Table I each system, the band structures in the Γ-X and Γ-Y directions are identical, while Γ-Z shows a different band dispersion.
Conversely, in structure IV the MA + dipoles are oriented along the six different face-to-face directions ±x, ±y and ±z. The MA + alignment exhibits a quasi-random character and no equivalence between any two directions can be observed. This results in different lattice parameters a, b and c. However, the root-mean-square deviation of {a, b, c} of structure IV is 0.13 Å, clearly smaller than structure I (0.19 Å), II (0.22 Å) and III (0.18 Å). In addition, Fig. 5(d) shows that the band structures of structure IV along Γ-X, Γ-Y and Γ-Z are generally similar.
Pair-mode analysis
In the previous section, we discussed the lattice parameters and band structures of four characteristic 2 × 2 × 2 supercell models in terms of their dipole distribution. Now we analyze Table II. In structure I, II or III, the orientation of dipoles within a layer (that is, with similar z coordinate) alternates between x and y. This results in 8 pair modes of type 20 and 8 modes of type 22 (these two different "vertical" modes, in which the two dipoles are vertical and approximately coplanar, appear in pairs due to the periodic boundary conditions for 2×2×2 supercell models). As a result, these three systems exhibit similar geometric properties as alluded to in the previous section.
However, both the total energy and band gap of structure I are significantly different from those of structures II and III, which we attribute to the difference in the remaining pair modes. In structures II and III, the dipoles in the "bottom" and the "top" layers are oriented in opposite directions, intro- In addition, the occurrence of the parallel mode also gives rise to a smaller band gap (∼0.3 eV compared to structure III). Our results for structures I-III suggest a correlation between the stability of hybrid perovskites and the size of the band gap, that is, the higher the stability the larger the band gap. This observation agrees well with the trend reported by a recent experimental-theoretical study [53] . Despite the apparently different dipole-direction distribution, structure IV has a similar although not identical pair-mode distribution compared to structure III. In this section we discuss the DFT (PBE+vdW) results for a series of 3×3×3 MAPbI 3 supercell models. Our objective is to generate snapshots of the cubic (high-temperature) MAPbI 3 phase in which the MA + ions are disordered. We therefore fixed the lattice parameters to a = b = c = 18.94 Å for the 3× 3×3 supercells. This value corresponds to three times 6.31 Å -the experimental lattice parameter of the cubic-phase [7] .
The atomic positions in the 3×3×3 supercell models were randomly initialized based on electrostatic considerations using the following protocol:
(i) The MA + ions were approximated by the dipoles defined in Figs. 1(b) and (c). These dipoles were randomly selected and located at the centre of the single unit cells that make up the 3×3×3 supercell, thus forming different MA + -dipole alignments that reflect the disordered structures.
(ii) The total electrostatic dipole-dipole interaction energy, E dd , of the dipole configuration was calculated by summing the interaction energy of each dipole pair. We used p 0 = 2.2 D and a dielectric constant of 25.7 [46] in this paper. The electrostatic energy is fast to compute and allows us to sample many thousands of 3×3×3 models to generate an energy distribution as shown in Fig. 6 . The E dd -distribution exhibits a Gaussian character centered at 0 meV.
(iii) We then select individual samples from this energy distribution and used them as initial geometries for DFT structure optimization by converting the stylized dipoles back to atomic geometries.
From altogether 100 000 samples included in Fig. 6 , we randomly picked 20 with a negative total electrostatic energy and converted them into initial structures of 3 × 3 × 3 supercell models for DFT calculations. In this paper, we applied an energy-dependent weighting factor in the selection, so that alignments with lower electrostatic energy had higher chance to be included (cf. the red lines' positions in Fig. 6 ). There are a considerable amount of diagonally-oriented MA + -dipoles in the initial structure, but most of them were reoriented into face-to-face directions in the DFT-optimized structures. Figure 7 shows an example: in this sample, there are 8 diagonal MA + -dipoles in the initial structure but 0 in the optimized structure. In addition, some MA + -dipoles that were initially oriented along face-to-face were reoriented, too. . Dipole patterns of the bottom, middle and top layers of (a) the initial structure, and (b) the DFT-optimized structure of a 3×3×3 supercell sample.
In the optimized structures of all samples, the small average dipole moments (data not shown) indicates that they can be considered approximately nonpolar. Figures 8(a) and (b) show the optimized structures that have the highest and lowest total energies among the 20 samples. Their difference is only 15 meV per unit MAPbI 3 , which is very small compared to the total-energy difference among the 2×2 ×2 supercell models discussed in the previous section. For comparison, the electrostatic dipole-dipole interaction energy difference between these two optimized structures is 0.02 meV per MAPbI 3 unit. Figure 8 depicts the dipole patterns of the bottom (0 < z < 0.33), middle (0.33 < z < 0.67) and top (0.67 < z < 1) layers of both structures. The dipoles are distributed over all six face-to-face directions ±x, ±y and ±z, similar to structure IV of 2×2×2 supercell model discussed previously. Pair modes of type 20, 22, 24 and 25 dominate in both structures. Mode No. 18, in which two dipoles are oriented along the same faceto-face direction (quasi-)linearly, is also significantly populated. This mode effectively "extends" one face-to-face dipole into two, forming a domain along this direction. To quantify the pair-mode pattern, we generate a pair-mode distribution from the 20 considered samples in this work. Table III lists the number of possibilities and their theoretical probability (i.e., number of possibilities divided by 36). We call this probability theoretical, because it refers to a system in which the dipoles are not interacting with each other (that is, neither electrostatically nor via cage deformation). From the DFT results, we can then extract the actual probabilities associated with these modes that take the full electrostatic and structural response into account. We define the actual probability as the number of times a mode occurs in the 20 samples divided by the total number of modes in the 3 × 3 × 3 supercell model (i.e., 1620). The resulting probabilities are also listed in Table III and enable a direct comparison between electrostatically non-interacting dipoles and the real systems.
We start from the three most populated modes. Table III indicates that the theoretical and actual probabilities are very close for both vertical modes, No. 20 and 22. They can be 23 will oppose linear domain formation. Overall this will result in the following domain structure: a linear domain is adjacent to another linear domain containing electric dipoles oriented along the opposite direction. These findings qualitatively agree with the previous Monte Carlo simulations at 300 K that was based on ab initio MD and employed a classical Hamiltonian to describe the dynamic motion of dipoles [27] . However, on average we expect a domain size (length) smaller than that was reported in Ref. [27] . The origin is the prevalent population of the vertical modes No. 20 and 22, by which a domain is terminated. This discrepancy arises because the MD-based Monte Carlo simulations in Ref. [27] (i) were performed for a two-dimensional model and thereby neglect the interaction with the third dimension completely, and (ii) only included the direct (electrostatic) interaction between dipoles, while our DFT calculations also include the indirect interaction via the deformation of the inorganic cage.
The pair-mode distribution shown in Fig. 9 enables us to construct larger MAPbI 3 models that are out of reach of DFT. As an example, Fig. 11 shows the MA + -alignment in a layer of the thus-constructed 20×20×20 supercell. This 20×20×20 model was generated iteratively, applying the pair-mode distribution shown in Fig. 9 . Details of the construction and an analysis of the results will be presented in a future publication. Since these large-scale models follow the MA + -distribution of stable orientations and include MA + nearestneighbor interactions, they provide good models to study realistic MAPbI 3 structures under realistic conditions. The improvement of Fig. 9 and the multiscale modeling of these large MAPbI 3 models are the subjects of future work. 
IV. CONCLUSIONS
We have studied a series of MAPbI 3 supercell models using DFT. To establish a multiscale model, we derived and analyzed the concept of "pair modes", i.e., the interaction of nearest MA + -ion pairs. We first investigated several small 2 × 2 × 2 supercell models, in which we can cancel out the overall dipole moment by hand using suitable dipole orientations. Our DFT results indicate that differences in pair modes have a significant effect on the atomic and electronic structure of these models. This finding motivated our exploration into larger 3×3×3 MAPbI 3 supercell models, which we used to simulate disordered MAPbI 3 structures by randomly initializing the MA + orientations. Structural optimization using DFT and our pair mode analysis reveal that the final locations of MA + ions is not fully random, but follows certain preferred orientations that depend on the surrounding. We use this dipole distribution to build up a multiscale model to generate the local structure in bulk MAPbI 3 samples on large length scales, e.g., of a few tens of single cells. 
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S3. OPTIMIZED 2×2×2 SUPERCELL STRUCTURE WITH ALL DIAGONALLY-ORIENTED MA + IONS
• Atomic structure: cf. Fig. 4 in the manuscript.
• Lattice parameters: a ≈ b ≈ c = 12.60 Å.
• Band structure:
Figure S2. Band structure of the optimized 2×2×2 supercell structure in which all MA + cations are oriented diagonally.
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